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Abstract The diets and environments of fossil rhinocerotoids from the Linxia Basin, Gansu, 
China, ranging in age from 25 to 2.5 Ma, were reconstructed based on bulk and serial carbon 
(C) aid oxygen (O) isotope analyses of tooth enamel. The results support many previous 
hypotheses inferred from dentition and cranial and limb morphology and offer new insight on the 
paleoecology of some genera. The isotopic results support the following previous hypotheses: the 
Late Oligocene rhino Paraceratherium inhabited a forested environment, and the coexisting rhino 
Allacerops lived in a relatively open,habitat and had a less specialized diet; the Middle Miocene 
Hispanotherium grazed in open tetritory, Whéreas the contemporaneous Alicornops had a more 
generalized diet in a forested environment; andhesLate Miocene rhino Parelasmotherium grazed 
in an open steppe habitat. The isotope data indicate that the rhinos Acerorhinus and Dicerorhinus 
inhabited open steppe environments, inconsistent with previous@inferences that these two rhinos 
dwelled in forested environments. The isotopic results are not conclusiye/Goncerning the habitat 
of Iranotherium, but support previous hypotheses that this rhino was a specialized @, grazer. The 
results also suggest that Chilotherium was a forest-dweller throughout much of the LateMiocene, 
but occupied a more open environment by the end of the Late Miocene. Additionallymthe.results 
are consistent with previous hypotheses that the Pliocene rhino Shansirhinus and the Pleistocene 
rhino Coelodonta were grazers in open habitats. Finally, the C isotope data support that all rhinos 
in this study were pure C; feeders, confirming that C, grasses were not an important component of 
the plant biomass in the Linxia Basin from 25 to 2.5 Ma. 
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1 Introduction 


Stable carbon (C) and oxygen (O) isotope analysis of tooth enamel has been established 
as a valuable tool for reconstructing the diets and environments of ancient animals and for 
assessing resource use and niche partitioning among animals (e.g., Wang et al., 1994; Cerling 
et al., 1997; MacFadden, 1998; Feranec, 2003; MacFadden and Higgins, 2004; Feranec and 
MacFadden, 2006). 

Carbon isotopic composition of mammalian herbivore tooth enamel serves as a proxy for 
the type of vegetation consumed by the animals, as most C isotopic variation in enamel is a 
result of isotope fractionation that occurred during photosynthesis of ingested plants. C, plants 
(eg., trees, shrubs, forbs, and high latitude and high elevation grasses) use the Calvin Cycle 
photosynthetic pathway and have a 6'°C range of -35%o to -20%o, with an average 5'°C value 
of -27%o0%C, plants (e.g., warm season grasses, a few shrubs, corn, sugar cane, and sorghum) 
use the Hatch Slack photosynthetic pathway and have 6'°C values ranging from -17%o to -9%o, 
with an average of 213%. Because tooth enamel carbonate is '*C-enriched by ~14%o relative 
to diet, tooth enamel cÈ Calis that are < -8%o usually indicate a pure C, diet, whereas tooth 
enamel "°C values that aré > -3%o indicate a pure C, diet (Lee-Thorp and Van der Merwe, 
1987; O’Leary, 1988; Farquhar ‘etgal4 4989; Koch, 1998; Cerling et al., 1997; Cerling and 
Harris, 1999; Kohn and Cerling, 2002; Wang and Deng, 2005). Water availability also affects 
the C isotopic compositions of plants. As plants become water-stressed or grow in a relatively 
open environment where more evaporation occurs, ÑC values increase. In closed-canopies 
or forests, ôC values of understory plants decrease, due fo thenfluence of soil respiration 
(Schleser and Jayasekera, 1985; Sternberg et al., 1989; van der Menwe.and Medina, 1989). 
Thus, carbon isotope analyses allow insight into the dietary habits and habitat preferences 
of particular fossil taxa (e.g., Wang et al., 1994; Cerling and Harris, 1999; MacFadden et al., 
1999; MacFadden, 1998; Feranec, 2003; Cerling et al., 2004; MacFadden and Higgins, 2004; 
Feranec and MacFadden, 2006; Stacklyn et al., 2017). 

Oxygen isotopic compositions of tooth enamel from large-bodied mammalian herbivores 
largely reflect the isotopic composition of local meteoric water that is ingested by the 
herbivores, either by drinking or by plant consumption (Longinelli, 1984; Luz et al., 1984; 
Ayliffe and Chivas, 1990; Bryant and Froelich, 1995; Kohn, 1996). In turn, the O isotopic 
composition of meteoric water is controlled by climatic conditions such as temperature, 
humidity and precipitation amount (Dansgaard, 1964). Water bodies that provide drinking 
water for animals (e.g., puddles, ponds, lakes) tend to have higher 6'*O values in open 
environments (due to higher evaporation rates) than in more closed forested environments. 
Also, leaf water is generally enriched in '*O relative to local meteoric water due to preferential 
loss of isotopically light water molecules during evapotranspiration and the extent of 
'SQ-enrichment is dependent on the relative humidity (Dongmann et al., 1974; Epstein et al., 
1977; Yakir, 1992). Consequently, leaf water typically has higher 5'*O values and displays a 
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larger range of 6'*O variation in open habitats than in more closed forested habitats in a given 
geographic area. Thus, it would be expected that individuals living in more open habitats or 
those migrating between habitats would display greater 6'°O variability in their enamel than 
would non-migratory forest-dwellers. Physiological adaptations to specific habitat use also 
affect the 6'*O of enamel (Bryant and Froelich, 1995; Kohn, 1996). For example, aquatic 
or semiaquatic vertebrates are known to have lower ôO values than coexisting terrestrial 
animals due to increased water turnover in the body (e.g., Bocherens et al., 1996; Cerling et 
al., 2008; Clementz et al., 2008; Amiot et al., 2010). As a result, the O isotopic compositions 
of mammalian tooth enamel can be utilized for reconstruction of regional climates and 
habitat preferences of fossil taxa (e.g., MacFadden, 1998; Wang and Deng, 2005; Ferance and 
MacFadden, 2006). Because mammalian teeth take more than two years to fully mineralize 
(Hillson, 1986), additional information about seasonal variations in diet and water isotopic 
composition can be obtained by examining intra-tooth isotopic variations within individual 
teeth (e.g:; MacEadden and Higgins, 2004; Biasatti et al., 2010). 

In this study, We determined the stable C and O isotopic ratios of tooth enamel samples 
from late Cenozoic rhinoceros from the Linxia Basin in northwest China. The objective was to 
reconstruct the diets and environments of the Rhinocerotoidea in the region, and to understand 
how this group of magnificent mammals*hyed and interacted with their environment. The 
data are also used to test previous morphologically based hypotheses about the paleoecology 
of these rhinos and address the following questions: How could different rhinos (e.g., 
Paraceratherium and Allacerops in the Late Oligocene, Chilotherium and Acerorhinus in the 
Late Miocene) have coexisted within the same ancient Communities? Did coexisting genera 
partition available food resources or differentiate their niches #0 redticescompetition? How 
did the diets of rhinos change over time in response to environmental change? Previous stable 
isotope studies based on mostly horses suggest that C, grasses did not become ansimportant 
component of ecosystems in the Linxia Basin until the Quaternary (Wang and Deng, 2005s 
Biasatti et al., 2010), much later than elsewhere around the world (e.g., Cerling et al., 1993¢ 
1997). Did the new serial and bulk enamel isotope data from rhinos support these earlier 
results? 


2 Background and previous studies 


The superfamily Rhinocerotoidea, which includes the families Amynodontidae, 
Hyracodontidae, and Rhinocerotidae, was the largest and most ecologically diverse group 
of perissodactyls throughout the Cenozoic. The three groups of rhinocerotoids diverged in 
the Late Eocene of Asia and North America (Prothero et al., 1989) and the rhinocerotoids in 
China flourished until the Quaternary (Deng and Downs, 2002). The amynodonts reached their 
peak diversity in Asia during the Late Eocene and Early Oligocene (Prothero et al., 1989), 
becoming extinct by the Early Miocene (Wall, 1989). The hyracodonts first appeared in the 
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Middle Eocene and became more advanced and diversified until the Late Oligocene (Prothero 
et al., 1989; Deng et al., 2004a). This group included both giant forms that browsed tree-tops 
and smaller dog- or goat-sized forms (Radinsky, 1967; Prothero et al., 1989). The hyracodonts 
vanished from Asia by the Middle Miocene. The Rhinocerotidae, or true rhinoceroses, are 
first known from the Late Eocene of Eurasia and became increasingly diversified during the 
Oligocene (Prothero et al., 1989). The Chinese Neogene Rhinocerotidae were widespread, 
as well as taxonomically and ecologically diverse. The Middle Miocene and Late Miocene 
were stages of high diversity for the Chinese rhinocerotids, whereas the Early Miocene, early 
Late Miocene, and Pliocene were stages of low diversity (Deng and Downs, 2002). Very few 
species of rhinoceroses survived both the Late Miocene and Pleistocene extinction events; 
there are only five extant species of rhinos in Asia and Africa and all are currently in danger of 
extinetion. 

Because rhinoceros diversity and morphology are closely related to environmental factors 
and are sensitivesto fluctuations in ambient temperature and humidity (Deng and Downs, 
2002), many infereneéspregarding the paleoecology of rhinos have been based on taxonomic 
diversity, as well as eranial)and limb morphology (e.g., Radinsky, 1967; Heissig, 1989a, 
1999; Prothero et al., 1989;‘Cerdefiq,and Nieto, 1995; Deng and Downs, 2002). Even so, most 
studies of Chinese Late Cenozoice'rhind@erdses are primarily taxonomic and rarely involve 
paleoecological analyses (Deng and Downs/ 2002). Periods of high taxonomic diversity of 
rhinos from Europe and Asia have been linked with warm and moist climates and stages of low 
diversity with cooler and drier climates (Cerdefio andeNietog1995; Deng and Downs, 2002). 
Cranial morphological characteristics, such as muzzle shape or the presence of horns with 
growth lines, have aided researchers in reconstruction of paleodiéts andjhaye helped to infer 
the types of climates that fossil rhinos likely inhabited (e.g., Fortelius, 1983; Deng and Downs, 
2002). Dental morphological studies have allowed researchers to determine if particular rhino 
species had adaptations, such as hypsodonty or other specializations of dentition, forsgrazing 
or browsing (e.g., Radinsky, 1967; Heissig, 1989a, b, 1999; Lucas and Sobus, 1989; Deng and 
Downs, 2002; Deng, 2003, 2005a, b, 2006, 2007) and limb morphology has allowed insight 
regarding the cursorial behavior of ancient rhinos, or the lack thereof (e.g., Heissig, 1989a, b; 
Prothero et al., 1989; Cerdefio, 1998; Deng and Downs, 2002; Deng, 2002, 2004, 2008). Such 
inferences about the paleoecology of Chinese Late Cenozoic rhinoceroses (Supplementary 
Table 1), however, have not been evaluated with other independent means. 


3 Study site 


The Linxia Basin is located in southeastern Gansu Province, China, about 100 km south 
of the provincial capital, Lanzhou, on the northeastern margin of the Tibetan Plateau. It is a 
temperate steppe biome with a mean annual temperature of 7°C and an annual rainfall of 515 


mm. The present-day climate is strongly influenced by the East Asian monsoon system (An et 
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al., 2000). The Late Cenozoic deposits 


in the Linxia Basin are thick and well- 
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= Malan Loess 
eistocene 


Stratigraphic unit 


VIGIL] Beiyuan Fauna 


exposed and span almost continuously 4 ,[Pstecene SIM} Taizicun Fauna 
from the Late Oligocene to the 4 59|Pleistocene Longdan Fauna 


Holocene (Fig. 1). The strata contain 
abundant, diverse, and well-preserved 
mammalian fossils, and the chronology 
of the sequence has been determined by 
magnetostratigraphy and biostratigraphy 
(Fang et al., 2003; Deng et al., 2004a, 
b, 2013). The deposits consist primarily 
offluvial and lacustrine sediments, with 
Plei§Stocene eolian deposits covering 
most ofthe region (Fang et al., 2003; 
Deng et al., 2004a@ BH Wang and Deng, 
2005). The stratigraphic sequence is 
comprised of eleven formatiofs based 
on lithology and paleontology (Fig./1). 


4 Materials and methods 


4.1 Sampled materials 


Late Cenozoic sedimentary 
sequences of the Linxia Basin have 
yielded an abundance of well-preserved 
rhinoceros fossils that range in age 
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Fig. 1 Late Cenozoic sedimentary sequenee of the Linxia Basin 
This sequence has an overall thickness of More than 500 m. 
Modified from Fang et al., 1997, 2003; Deng et@l,2004b 
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from 25 to 2.5 Ma and include individuals from 11 genera within the families Hyracodontidae 


and Rhinocerotidae. Individuals from two genera within 2 subfamilies of the Hyracodontidae, 


Paraceratherium (giant rhinoceros) and Allacerops, have been recovered from the Linxia 


Basin. Supraspecific classification of the Linxia Basin hyracodonts follows that of Prothero 


and Schoch (1989). 


Family Hyracodontidae Cope, 1879 


Subfamily Indricotheriinae Borissiak, 1923 
Genus Paraceratherium Forster Cooper, 1911 
Paraceratherium yagouense Qiu et al., 2004 
Subfamily Allaceropinae Wood, 1932 
Genus Allacerops Wood, 1932 
Allacerops sp. 
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The rhinocerotid samples from the Linxia Basin represent 9 genera from 4 tribes within 
2 subfamilies. Supraspecific classification of the Linxia Basin rhinocerotids follows that of 
Heissig (1999) except that an additional tribe, Chilotheriini, was established within subfamily 
Aceratheriinae by Qiu et al. (1987). 


Family Rhinocerotidae Gill, 1872 
Subfamily Aceratheriinae Dollo, 1885 
Tribe Aceratheriini Dollo, 1885 
Genus Alicornops Ginsburg & Guérin, 1979 
Alicornops laogouense Deng, 2004 
Tribe Chilotheriini Qiu et al., 1987 
Genus Chilotherium Ringström, 1924 
Chilotherium wimani Ringstrém, 1924 
Genus Acerorhinus Kretzoi, 1942 
Acerorhinus hezhengensis Qiu et al., 1987 
Genus Shansirhinus Kretzoi, 1942 
Shansirhinus ringstroemi Kretzoi, 1942 
Subfamily Rhinocerotinae Dollo, 1885 
Tribe Elasmotheriini Dollo, 1885 
Genus Hispanotherium Crusafont & Villalta, 1947 
Hispanotherium matritense (Prado, 1864) 
Genus Iranotherium Ringström, 1924 
Tranotherium morgani (Mecquenem, 1908) 
Genus Parelasmotherium Killgus, 1923 
Parelasmotherium linxiaense Deng, 2001 
Tribe Rhinocenotini Dollo, 1885 
Genus Dicerorhinus Gloger, 1841 
Dicerorhinus ringstroemi Arambourg, 1959 
Genus Coelodonta Bronn, 1831 
Coelodonta nihowanensis Kahlke, 1969 


Forty-seven well-preserved fossil rhino teeth were selected for this study. A total of 
47 bulk and 243 serial enamel samples were obtained from these teeth for stable C and O 
isotope analyses. These samples represent all 11 genera within the families Hyracodontidae 
and Rhinocerotidae found in the Linxia Basin. Most samples collected were third molars and 
premolars, so that the effects of pre-weaning on the 6'*O of the tooth enamel were reduced 
(e.g., Fricke and O’Neil, 1996; Bryant et al., 1996). Multiple specimens from each stratum 
were collected whenever possible so that variations in 5'°C and 6"*O values within populations, 
between different species of the same age, and between same species of different ages could be 


determined. 
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4.2 Laboratory methods 


Bulk enamel samples were obtained from individual teeth for isotopic analyses following 
the procedure described in Biasatti et al. (2010). It was necessary to sample along the whole 
length of a tooth in order to obtain results that represented average isotopic compositions 
over the time period of tooth growth. Serial samples were collected by drilling in bands 
perpendicular to the growth axis of each tooth to obtain a record of seasonal variations in diet 
and climate (e.g., MacFadden and Higgins, 2004; Biasatti et al., 2010). 

Tooth enamel carbonate samples were treated in 5% reagent grade sodium hypochlorite 
for approximately 20-24 hours at room temperature to remove organic material from the tooth 
enamel. The samples were then centrifuged, decanted, and rinsed 4 to 5 times with deionized 
(DI) water to remove the sodium hypochlorite. Next, the samples were treated in 1 M acetic 
acid>overnight at room temperature to remove non-structural carbonate from the enamel and 
rinsed=with DI water. After the final rinse, the samples were freeze-dried. The samples were 
then convertedste, CO, by reaction with 100% phosphoric acid for >3 hours at 72°C or for 
approximately 72 houss at 25 °C. The C and O isotope ratios of the evolved CO, were then 
analyzed using a Thérmo-Finnigan Gasbench Auto-Carbonate device connected to a Delta 
Plus XP stable isotope ratio miass\spectrometer at the Florida State University. The results 
were calibrated by concurrent C and Q isotopic measurements of at least two sets of three or 
more different carbonate standards (including/NBS-19) and are reported in standard notation 
as 6' C and 050 in reference to international standaf@V-PDB. The analytical precision (based 
on repeated analyses of lab standards processed with"each batch of samples) is + 0.1%o (10) or 
better for both 5 C and 6'°O. 


5 Results 


The 6°°C and ôO data are presented in Figs. 2—6 and Supplementary Tabl@"2>-4(The 
enamel-6" C values of fossil rhinos from the Linxia Basin range from -8.4%o to -12.4%o/ with a 
mean of (-10.1+0.9)%o, while the 5'*O values are (-8.3+2.3)%o, varying from -3.1%o to -12.1%6 
(Supplementary Table 2). 


6 Discussion 


6.1 Late Oligocene rhinoceroses 


The hyracodontids Allacerops sp. and Paraceratherium yagouense have been recovered 
from the sandstones of the Late Oligocene Jiaozigou Formation (Deng et al., 2004a). In the 
Linxia Basin, Allacerops and Paraceratherium lived concurrently at ~25 Ma. Allacerops 
was a large hyracodont with large canine tusks (Supplementary Table 1), and was thought 
(based on limb structure) to be less cursorial than the smaller hyracodonts (Heissig, 1989b). 
Paraceratherium belonged to a group of hyracodonts known as indricotheres and was the 
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Fig. 2 Bulk Q isotope compositions of tooth enamel 
from rhinos from the,Linxia Basin versus age 
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largest land mammal that ever lived. Its 
large body size and specialized anterior 
dentition (Supplementary Table 1) support 
that Paraceratherium cropped vegetation 
from tree-tops (Lucas and Sobus, 1989). 
Although gigantic in size, Paraceratherium 
retained long metapodials, which is 
reflective of a cursorial ancestry (Prothero 
et al., 1989). 

The 6 C values of bulk enamel samples 
from Allacerops and Paraceratherium 
indicate that they both had pure C, diets (all 
56°C values < -8 %o). This is expected as 
C, plants dominated terrestrial ecosystems 
prior to 7-8 Ma (Cerling et al., 1997). 


However, Allacerops Wad(a more '°C-enriched diet (Fig. 2, Supplementary Table 2). Significant 
differences in mean 5'°C (p = 0,093) and 8O values (p = 0.0004) between Allacerops and 
Paraceratherium (Supplementary Tablé 3))suggest their niche partitioning. The larger 5'°C range 


for Allacerops (Fig. 4) suggests that this rhinosyasa less selective feeder than Paraceratherium. 


This is consistent with Paraceratherium having afore specialized dentition. The larger 


180 range and higher ôO values for Allacerops (Figs®3, 4)¥suggest that this genus occupied 


relatively open habitats or exhibited a more migratory behayiof thansdid Paraceratherium. 


Additionally, the smaller 5'°O range and lower 6'°O values for Parateratherium suggest that the 


Paraceratherium individuals may have received most of their water intake from Jtongstanding 


lakes or rivers, as more permanent river and 
lake waters display a much smaller seasonal 
1O variability compared to precipitation, 
reflecting the weighted mean annual 
ôO of precipitation in the catchment 


20 


area modified by evaporation (Clark and & 
Fritz, 1997). In contrast, Allacerops likely 8 
drank from multiple sources including 
ephemeral rivers, small ponds and puddles 

that are more likely to reflect the O isotope 25 


compositions of the local rainfall, resulting 
in larger 5'°O variability in their tooth 
enamel. 


The higher 6'°C values of Allacerops 
tooth enamel may also suggest that this 
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genus lived in a more open habitat than 
did Paraceratherium, which is consistent 
with the 5'°O data. As stated previously, 
plants that grow in a relatively open 
environment where more evaporation 
occurs have increased 6'°C values. 
Therefore, if Al/acerops ingested plants 
that grew in a relatively open habitat 
compared to that of Paraceratherium, 
it would be expected that Allacerops 
would have higher 6'°C values. Also, 
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Fig.5 Serial C and O isotope compositions of rhino tooth enamel from the Late Oligocene and Middle Miocene 
The data labels in parentheses are the sample numbers of rhino individuals 
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Fig. 6 Serial C and O isotope compositions of rhino tooth enamel from the Late Miocene 
The data labels in parentheses are the sample numbers of rhinodndividuals 
A'O = the amplitude of the 6'°O seasonal cycles 

from the top of the canopy (Vogel, 1978; Medina and Minchin, 1980; Medina*etal. 1986, 
1991; Sternberg et al., 1989) due to the incorporation of soil-respired CO, (Marshall et alé 
2007). Given that Paraceratherium was the largest land mammal ever lived and must have 
browsed tree-tops, then it would be expected that the diet of this genus consisted of large 
amounts of tree leaves and that this rhino required large numbers of trees to feed from. 
Therefore, it is reasonable to assume that Paraceratherium lived in a forested environment. 
If the relatively smaller A//acerops also inhabited this forested environment, but fed at 
a lower level in the canopy, it would be expected that Allacerops would be '*C-depleted 
relative to Paraceratherium. Because Allacerops was found to be '*C-enriched relative to 
Paraceratherium, it is unlikely, according to this line of reasoning, that A/lacerops was 
as restricted to a closed woodland dwelling. Thus, both °C and 6'*O data suggest that 
Paraceratherium lived in a forested habitat whereas Allacerops preferred more open habitats 
that experienced seasonal or periodic water stress. 


The higher ôO values of Allacerops relative to those of Paraceratherium may also 
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be due to Paraceratherium spending more time each day in an aquatic environment or in 
mud wallows. All modern species of rhinos are obligate drinkers and are dependent on 
waterholes for wallowing to cool their bodies (Owen-Smith and Berger, 2006). Therefore, it 
is reasonable to assume that the extinct rhinos were also obligate drinkers. It is also logical to 
assume that these extinct rhinos relied on waterholes for wallowing as do the extant rhinos, 
as both Allacerops and Paraceratherium were large-bodied mammals that must have required 
the cooling effects of wallowing. Because Paraceratherium was a gigantic rhino and was 
consequently much larger than Allacerops, Paraceratherium may have necessarily spent much 
more time in water or in mud wallows than did Allacerops. Bocherens et al. (1996) found that 
large mammals that spend most of their day within aquatic environments have more negative 
ðO values than do large-bodied and more-terrestrial mammals within the same ecosystem. 
This is due to the intake of greater quantities of water from lakes, rivers, and aquatic plants, 
Which=i§ '“O-depleted relative to water in terrestrial plants, as well as ingestion of terrestrial 
plants during night, when there is a reduction in the '*O-enriching effects of evaporative 
transpiration Wath flie,cessation of photosynthetic activity. Hence, if Paraceratherium spent 
most of its day submerged/in water and fed from tree-tops during night when photosynthesis 
did not occur and Allaceropsg@n, the other hand, spent less time in water and fed during 
the daytime when plants were“photoSynthetically active, then it would be expected that 
Paraceratherium would have more negative’d''O values than would Allacerops. 

The "C and "O values of serial enamel samples from two Paraceratherium individuals 
revealed almost no variation in "°C values throughout the entire tooth growth period for 
either individual (Fig. 5), suggesting that there was little/ormo seasonal variation in diet. This, 
along with very negative (< -8 %o) 5'°C values, is consistent with Patacexatherium having a 
specialized and strictly C, diet. Distinct and uniform seasonal cycles inAheSerial 6'*O curves 
(Fig. 5) suggest that these Paraceratherium individuals experienced regular seasonality within 
their habitats. The negative 5'*O values (mean 6'*O values < -11 %o for both individuals) arid 
uniform cyclicity of the 6'°O curve (Fig. 5) are consistent with Paraceratherium inhabiting Æ 
forested habitat. It would be expected that in more open habitats, intra-tooth 6'*O variations 
would be more irregular due to the ingestion of water from a greater variety of water bodies 
and plants. Both individuals display very similar intra-tooth 5'*O and 6'°C variations (Fig. 5), 
suggesting equivalent diets and habitats for the two individuals. Consequently, the serial data 
are consistent with inferences made regarding the paleoecology of Paraceratherium based on 
the bulk C and O isotopic data. 


6.2 Middle Miocene rhinoceroses 


The rhinocerotids Alicornops laogouense and Hispanotherium matritense have been 
recovered from the sandstones and conglomerates of both the early Middle Miocene 
Dongxiang Formation and the late Middle Miocene Hujialiang Formation (Deng, 2004; Deng 
et al., 2004a). These two rhinos have been found alongside a large number of Amebelodontidae 
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fossils, which favored habitats near water, suggesting an abundance of lakes and rivers in the 
Linxia Basin during the Middle Miocene (Deng, 2003, 2004). Alicornops, an aceratheriine, 
was a small rhinoceros (Prothero et al., 1989; Cerdefio, 1998; Deng, 2004), and is known to 
have lived in open woodlands with associated lakes and swamps in western Europe (Guérin, 
1980). A. Jaogouense found in the Linxia Basin is the largest known species of Alicornops and 
is also considered to have inhabited open woodlands with many lakes and rivers (Supplementary 
Table 1, Deng, 2004). The elasmothere Hispanotherium had well-developed hypsodont 
dentition that is indicative of a typical steppe grazer (Supplementary Table 1, Heissig 1989a; 
Deng and Downs, 2002; Deng, 2003). Considering that Alicornops was likely a forest-dweller 
and that Hispanotherium preferred an open-steppe environment, the Linxia Basin was probably 
aimixed open steppe/woodland biome during the Middle Miocene. 

The bulk enamel 6'°C values indicate that Alicornops and Hispanotherium had pure 
C, diets; although Hispanotherium had a more '°C-enriched diet (Fig. 2, Supplementary 
Table 2). As mentioned earlier, a C, diet is expected for all rhinos that lived prior to the Late 
Miocene global Gyisotepic shift at ~7 Ma (Cerling et al., 1993), when C, grasses suddenly 
became a major componentin many terrestrial ecosystems. The O isotope composition of 
Hispanotherium was also “O-ensi®hed relative to Alicornops at both 17 and 13 Ma (Fig. 3). 
Therefore, the C and O isotope results indicate that Hispanotherium was ingesting both plants 
and water in a more open and water-stresséd habitat than that of Alicornops. This supports that 
Hispanotherium grazed in a steppe biome whereas Avicornops preferred to browse within a 
relatively humid woodland habitat. 

There were no significant differences in mean ô” (@/=.2256) and ôO values (p 
= 0.2705) between Alicornops at 17 Ma and Alicornops at 13°Ma (Supplementary Table 
3) suggesting similar diets and habitats for that genus at the two different/ages. The large 
BC range for Alicornops (Fig. 4) suggests that this rhino was a less selective feeder than 
all other rhinos in this study. This is in agreement with a previous suggestion by=Heissig 
(1989a) that the tribe Aceratheriini was less specialized than the other tribes of the subfamily 
Aceratheriinae. 

Serial C and O isotope analyses were performed on two 17 Ma Alicornops individuals, 
two 13 Ma Alicornops individuals, and one 14 Ma Hispanotherium individual (Fig. 5). The 
C isotope results showed almost no variation in 8°C values for all five individuals (Fig. 5), 
which suggests little or no seasonal variation in their diets. This, as well as the rhinos having 
very negative 6'°C values (5'°C < -8%o), is consistent with all of these rhinos having pure C, 
diets. Well-defined seasonal cycles in the 6'“O curves (representing ~2—3 years of record) for 
all Alicornops and Hispanotherium individuals (Fig. 5) suggest that all individuals experienced 
regular seasonality within their habitats. The serial O isotope data showed that Hispanotherium 
was '*O-enriched compared to Alicornops at 17 and 13 Ma, which is consistent with the bulk 
0650 data. Again, this suggests a more open habitat for Hispanotherium. The seasonal cycles 
in the Hispanotherium 6'°O data have amplitudes that are equivalent to those of Alicornops 
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at 13 Ma and are similar to those of Alicornops at 17 Ma. This suggests that Hispanotherium 
may have water sources that were similar to those of Alicornops in its relatively open habitat. 
All in all, these serial data indicate that the climate was relatively stable from 17 to 13 Ma and 
are consistent with previous suggestions that the Linxia Basin was a mixed woodland/steppe 
biome with an abundance of lakes and rivers in the region during the Middle Miocene. 


6.3 Late Miocene rhinoceroses 


The rhinocerotids Parelasmotherium linxiaense, Iranotherium morgani, Acerorhinus 
hezhengensis, Chilotherium wimani, and Dicerorhinus ringstroemi have been recovered 
from the red clay of the Late Miocene Liushu Formation (Deng et al., 2004a). At the start 
of the Late Miocene, there was a decrease in rhinocerotid diversity in China. Although it 
has been suggested that a cooling event caused this decrease in diversity, the presence of 
the browser Acerorhinus and the grazer Parelasmotherium (Supplementary Table 1) implies 
that the humidity in the early Late Miocene was comparable to that of the Middle Miocene 
(Deng and Downs, 2002). The giant elasmotherine rhinocerotid Parelasmotherium lived in 
the Linxia Basin duringsthe,early Late Miocene at ~11.5 Ma. The specialized dentition of 
Parelasmotherium was thought_to be an adaptation to an abrasive high-fiber diet (Heissig, 
1989a; Deng, 2007), suggesting that this rhino grazed on tough grasses (Supplementary Table 1). 

After the short cooling event at/the beginning of the Late Miocene, there was a rapid 
recovery of rhinocerotid abundance, indicating warming climate (Deng and Downs, 2002). 
During this stage, the tribes Rhinocerotini and Elasmotheriini declined in numbers and the 
Chilotheriini, including Chilotherium and Acerorhinus, became dominant (Deng and Downs, 
2002). Chilotherium has been recovered from Linxia Basin deposits aged at 9.5, 9, 7.5, 7, and 
6 Ma. Based on dental and limb morphology, it was suggested that“Chilotherium was a grazer 
and that Ch. wimani was most likely a woodland inhabitant (Supplementaty Table 1). Heissig 
(1989a) noted that although Chilotherium had hypsodont dentition, there was no sign ofmeck 
bending as seen in other grazing rhinoceroses. He also noted that because Chilotherium had 
enlarged incisors, as opposed to horns, it must have required a horizontal positioning of the 
head, and therefore, could only graze by shortening the limbs to lower the head to the ground. 
Thus, he concluded that Chilotherium may not have been a true grazer. 

The elasmothere /ranotherium was a large rhinocerotid and lived in the Linxia Basin at 9.2 
Ma. Its specialized dentition was thought to be an adaptation to an abrasive diet (Supplementary 
Table 1). Based on the faunal composition of the Liushu Formation, Deng (2005a) suggested 
that [ranotherium lived in an open steppe habitat, which is consistent with pollen data that 
indicated a significant increase in grasses during the Late Miocene (Ma et al., 1998). 

The chilothere Acerorhinus lived concurrently with Chilotherium in the Linxia Basin 
at 9 Ma. It has been suggested that Acerorhinus remained a brush feeder with an increasing 
adaptation toward tough, dry vegetation, while Chilotherium had a diet rich in grasses (Heissig, 
1999). Deng and Downs (2002) considered Acerorhinus a browser, whereas Heissig (1989a) 
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classified Acerorhinus as a grazer (Supplementary Table 1). 

Dicerorhinus ringstroemi, belonging to the tribe Rhinocenotini, lived concurrently with 
Chilotherium in the Linxia Basin at 6 Ma. It is considered to have been a woodland dweller 
based on its dental and limb morphology and gigantic size (Supplementary Table 1). Heissig 
(1989a) classified Dicerorhinus as a browser, although it had a lowered head and lost incisors. 
The great diversity of rhincerotids during the Late Miocene was interpreted as indicating a 
warm and moist environment for that time period. Even so, an extinction event occurred at the 
end of the Late Miocene causing a decline in rhinocerotid diversity and D. ringstroemi was the 
only known survivor in China (Deng and Downs, 2002). 

The C isotope results indicate that Parelasmotherium at ~11.5 Ma had a pure C, diet (Fig. 
2) The small 5'°C range (Fig. 4) suggests that this rhino was a very selective feeder, which 
is/Gonsistent with its specialized dentition (Supplementary Table 1). The small 5'°O range 
(Fig. 4)efor Parelasmotherium may indicate that this rhino either received most of its water 
intake from lakes,or lived in a forested environment without much migration between habitats. 
Like its modern countéxparts, the large-sized Parelasmotherium may have spent a lot of time 
wallowing in lakes (Bstes, 1991; Owen-Smith and Berger, 2006), which is consistent with a 
small 65O range. The 6'°O Values§@&,Parelasmotherium were higher than those of most rhinos 
in this study (Fig. 3), which may mMdicate\that Parelasmotherium lived in a relatively open C, 
grassland or wooded grassland environment, Such as a savannah. On the other hand, because 
there are no other contemporary rhinos to compare wath this genus and because co-existing 
horses from the Linxia Basin had even higher ô'*O values (Wang and Deng, 2005), it is not 
possible to rule out a forested habitat for Parelasmotherium atd \.5)Ma. 

Serial isotope data from two Parelasmotherium individual$ show very negative 6'°C 
values with little variation throughout the growth periods of the teeth for bothdfdividuals (Fig. 
6), suggesting that there was little or no seasonal variation in their diets and both individuals 
had very similar specialized C, diets. The seasonal cycles in the ô'fO curves forsthe two 
individuals are irregular and there is a 1.1 %o difference in amplitude between the two rhinos 
(Fig. 6). The irregular cycles suggest that Parelasmotherium lived in an open environment and 
had multiple water sources, which is also consistent with inferences made, based on bulk C 
and O isotope data, regarding the diet and habitat of Parelasmotherium. The difference in cycle 
amplitude between the two individuals is likely a result of each individual having a variety 
of, and not necessarily the same water sources. These data also support that the Linxia Basin 
became relatively warmer and/or drier in the early Late Miocene (Wang and Deng, 2005; 
Biasatti et al., 2010). 

Bulk enamel 6'°C values indicate that the 9.5 Ma Chilotherium individuals had a pure 
C, diet (Fig. 2). The small 5'°C range (Fig. 4) suggests that this rhino was a selective feeder, 
which is consistent with a specialized dentition. The small 6"*O range (Fig. 4), along with the 
very negative "°C and ôO values (Figs. 2, 3), implies that Chilotherium was a forest-dweller 
that may have spent most of its time wallowing in waterholes. If Chilotherium at 9.5 Ma was a 
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grazer (Supplementary Table 1), it must have grazed on C, grasses located within a relatively 
closed environment. 

Serial isotope analyses of teeth from two 9.5 Ma Chilotherium individuals revealed little 
or no seasonal variation in their diets (Fig. 6), consistent with both rhinos having pure C, diets. 
The mean serial 5'°C values are almost identical for both individuals indicating very similar 
specialized diets. The seasonal cycles in the 6'°O curves for the two individuals have regular 
frequencies and the amplitude is very similar for both rhinos. The regular cycles, along with 
very negative mean 6"*O values (~-10%o) for both individuals, suggest that Chilotherium at 
9.5 Ma lived in forested habitats and both rhinos had similar water sources. These data are 
consistent with conclusions, based on bulk C and O isotope data, regarding the paleoecology 
of Chilotherium at 9.5 Ma. 

The 9.2 Ma Iranotherium was a pure C, feeder as indicated by its enamel 6'°C values 
(Fig=2) Because Jranotherium had a dentition that was specialized for an abrasive diet 
(Supplementary,Table 1), it can be speculated that this rhino fed on C, grasses. The high 5'°O 
value (Fig. 3) may siggest that Jranotherium drank in an open environment, where ôO values 
were relatively highedue to evaporation. Alternatively, the high 5'°O values could indicate a 
change in regional climate towafds, warmer or drier conditions (Wang and Deng, 2005; Biasatti 
et al., 2010). These isotopic results arécorisistent with faunal and pollen analyses that suggest 
an open steppe habitat during the Late MioceneMa et al., 1998; Deng, 2005a). 

Serial isotope data from one 9.2 Ma /ranotherium individual show little or no seasonal 
variation in this rhino’s diet (Fig. 6), which is consistent with a specialized and strictly C, diet. 
Seasonal cycles are also not evident in the d'°O curve for this ifdividual (Fig. 6). The absence 
of seasonal cycles, combined with high 5'*O values, may suggestithat /Ranatherium drank from 
a large body of water, such as a lake, in an open environment with relatively high amounts of 
evaporation (Gonfiantini, 1986). The 6"*O values are higher than those of all other thinos in this 
study (Fig. 3), which is consistent with an open habitat, although a shift in meteorieayatér 5\°O 
due to climate change (e.g., a change in moisture sources, higher temperatures, or increased 
aridity) could also be responsible for the higher 6"*O values at 9.2 Ma. The very negative bulk 
and serial 5'°C values for this individual (Figs. 2, 6), conversely, suggest a forested habitat for 
Tranotherium. If Iranotherium indeed inhabited an open steppe environment, then the negative 
65°C values would suggest that the region was less water-stressed at 9.2 Ma than at 9.5 Ma. 
However, it is not possible at this time to determine whether or not the C and O isotope data 
support previous hypothesis regarding the habitat of Jranotherium (Supplementary Table 1). 
Analyses of additional Jranotherium individuals and other contemporary genera, if available, 
could help to elucidate the paleoecology of this genus. 

The enamel 6'°C data show that the 9 Ma Acerorhinus and Chilotherium both had a 
pure C, diet, although Acerorhinus had a more '°C-enriched diet than that of Chilotherium 
(Fig. 2). This suggests that Acerorhinus was feeding in a more open environment than that 
of Chilotherium. The small OPC range of Chilotherium (Fig. 4) indicates a specialized diet, 
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which, again, is supported by a specialized dentition. The higher 6"*O value of the Acerorhinus 
individual compared to contemporary Chilotherium (Supplementary Table 2) implies that 
it drank in an open habitat, which is consistent with the 6'°C data. The large 6'°O range of 
the Chilotherium individuals (Fig. 4) suggests that Chilotherium migrated between forested 
habitats or had water sources in both forested and relatively open habitats. Overall, these 
data suggest that Acerorhinus was a C; grazer in relatively open habitats compared to that of 
Chilotherium and again, if Chilotherium from Linxia Basin was a grazer, it must have grazed 
on C, grasses within a more forested environment. Additionally, there were no significant 
differences in 6'°C and 6'*O values between Chilotherium at 9.5 and 9 Ma (Supplementary 
Table 3), indicating no significant change in habitat for that genus between those time intervals. 

The group of 7.5 Ma Chilotherium individuals had '°C-enriched diets relative to 
Chilotherium at 9 and 7 Ma (Supplementary Table 2, Fig. 2). These significant differences 
in @=yalues between Chilotherium at 7.5 Ma and Chilotherium at 9 Ma and at 7 Ma 
(Supplementary Table 3) are probably due to increased water-stress in plants at 7.5 Ma, which 
is consistent withthe previously published horse O isotope record from the Linxia Basin 
suggesting that the Limxia Basin was relatively warmer and/or drier at 7.5 Ma compared to 
9 and 7 Ma (Wang and Deng, 2005, Biasatti et al., 2010). Because there were no significant 
differences in 6'°O values betweerChi/otheriwm at 9, 7.5, and 7 Ma (Supplementary Table 3), 
the O-isotope data does not support that Chilotherium inhabited a more open environment at 
7.5 Ma compared to that at 9 and 7 Ma. Nevertheless,fsthe higher 5'°C values of Chilotherium 
at 7.5 Ma are due to water-stress, a more open environment 4s implied for that age. The large 
OPC range of Chilotherium individuals at 7.5 Ma (Fig. 4)/compéied to those at 7 and 9 Ma, 
suggest that this rhino was a less selective feeder at 7.5 Ma, whieh, again, could be due to a 
warmer environment that would allow more species of plants to be available or a means to 
survive amongst competition from other large mammals. The small 6'°C range of Chiletherium 
individuals at 7 Ma (Fig. 4) is consistent with this rhino having a very specialized dentition, 
The relatively large ôO range of Chilotherium at 9 and 7 Ma compared to that 6f 
Chilotherium at 7.5 Ma (Fig. 4) suggests that Chilotherium at 7.5 Ma may have migrated less 
between forested habitats than did Chilotherium at 9 and 7 Ma, or had fewer water sources at 
7.5 Ma, which supports the climate being warmer and/or drier during that time interval. By 
and large, the C and O isotope results for Chilotherium at 9.5, 9, 7.5, and 7 Ma, along with 
previous morphological data, suggest that this genus was a forest-dweller that grazed on C, 
grasses, but had the ability to adapt to a changing environment. 

Serial C and O isotope analyses were performed on two Chilotherium individuals at 7.5 
Ma (Fig. 6). The results showed that both rhinos fed exclusively on C; plants and there was 
little or no seasonal variation in their diets. The mean serial 5'°C values are identical for both 
individuals (-9.5%o), indicating very similar specialized diets. The seasonal cycles in the 065O 
curves for the two individuals are almost identical in amplitude and frequency, suggesting 
similar habitats and water sources for the two individuals. The data also suggest that these 
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rhinos inhabited a forested environment, but because the 5'*O values of the 7.5 Ma rhinos are 
higher than those of Chilotherium at 9.5, it can be inferred that the climate became warmer 
and/or more arid by 7.5 Ma. These data are consistent with inferences made, based on bulk C 
and O isotope data, regarding the diet and habitat of Chilotherium and supports that the Linxia 
Basin became relatively warmer and/or drier at 7.5 Ma (Wang and Deng 2005). 

As with all other rhinos analyzed in this study, the C isotope results (Fig. 2) indicate 
that Dicerorhinus and Chilotherium at 6 Ma had pure Ci diets. The 8°C and 6'°O values of 
Dicerorhinus were very similar to those of Chilotherium at 6 Ma, which suggests that these two 
genera had similar diets and habitats. The 6'°C and ôO values of Chilotherium at 6 Ma are 
significantly higher than those of Chilotherium at 7 Ma (Supplementary Table 3), suggesting 
increased water-stress in plants or more open habitats at 6 Ma. This is consistent with the 
Warming/drying trend observed in horse and rhino mean 0'*O values (Wang and Deng, 2005; 
Biasatti etal., 2010) and supports that the Linxia Basin became more open and arid through 
time. Along with increased 6'*O values, Chilotherium at 6 Ma also had a large 6'*O range 
(Fig. 5), indicating@fultiple water sources or migration between open habitats. Chilotherium 
at 6 Ma also had a largef OVC range than did Chilotherium at 7 Ma (Fig. 4), indicating a more 
generalized diet for this genus aP6Ma. The "°C range of Chilotherium at 6 Ma is very similar 
to that of Chilotherium at 7.5 Ma (Fig) 4),where warming temperatures could have increased 
the availability or diversity of plants or¢wheresincreased aridity could have forced this rhino 
to become a more generalized feeder due to increased competition for resources. On the 
whole, Chilotherium was able to adapt to increasingly aridgconditions in the Linxia Basin and 
apparently moved from a forested habitat at 9 Ma to an open stéppe dwelling at 6 Ma. The C 
and O isotope data do not support that Dicerorhinus was a woodland dWeller that browsed, but 
supports that this rhino was likely grazing on C, grasses in an open steppe environment. 

Serial isotope data from one 6 Ma Chilotherium individual show very_negative 6'°C 
values with little variation throughout the entire tooth growth period (Fig. 6). This suggests 
that there was little or no seasonal variation in its diet and the data are also consistent’ with 
a specialized pure C, diet. The seasonal cycles in the 6'*O curve for the 6 Ma individual are 
irregular, indicating a more open habitat with multiple water sources for Chilotherium at 6 Ma. 
The amplitude of the 5'*O curve for the 6 Ma individual is almost identical to those of the 7.5 
Ma rhinos (Fig. 6), indicating that all three rhinos may have experienced similar seasonality. 
The mean 6'*O value of the 6 Ma rhino is ~ 4%o higher than that of either Chilotherium 
individual at 7.5 (Fig. 3), suggesting that the climate became relatively warmer and/or drier by 
6 Ma. Again, Chilotherium apparently adapted to a changing climate. This data is consistent 
with inferences made, based on bulk C and O isotope data, regarding the diet and habitat of 
Chilotherium. 


6.4 Plio-Pleistocene rhinoceroses 


The aceratherine rhinocerotid Shansirhinus ringstroemi was recovered from the red clay 


of the Early Pliocene Hewangjia Formation (Deng, 2005b), and the rhinocerotine Coelodonta 
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nihowanensis was collected from the Early Pleistocene Wucheng Loess deposits (Deng, 
2008). S. ringstroemi is the only known rhinoceros species from the Early Pliocene deposits 
of the Linxia Basin. Based on dental morphology, Deng (2005b) suggested that Shansirhinus 
probably grazed on tough grasses, whereas Qiu and Yan (1982) considered S. ringstroemi (= 
Ch. cornutum) to be a browser, feeding on soft twigs and leaves (Supplementary Table 1). 
The faunal composition of the Hewangjia Formation includes rodents, perissodactyls, and 
artiodactyls, which was interpreted as indicating that the Linxia Basin had an open and more 
arid environment during the Early Pliocene compared to the Miocene (Deng, 2005b). 

The woolly rhino, C. nihowanensis, from the Linxia Basin is the second oldest known 
member of this genus. The presence of Coelodonta, a typical glacial mammal, in the Linxia 
Basin indicates a cold climate during the Early Pleistocene, which would be expected with 
the intensification of the Northern Hemisphere Glaciation (Zachos et al., 2001). Because the 
earliesteknown occurrence of woolly rhino is in the Zanda Basin in southwestern Tibetan 
Plateau at(~3.7 Ma, it is apparent that woolly rhino evolved in high Tibet and later moved 
down the mountains afd spread into North Asia and Europe as global climate became cooler 
(Deng et al., 2011). The woolly rhino in the Linxia Basin was considered a grazer based on 
dental morphology (SupplementafyeTable 1). It probably used its wide muzzle and flat nasal 
horn to forage on grasses throughthe show/(Deng and Downs, 2002). It has been suggested 
that the bands in the flat nasal horn of Cée/odonta represent annual growth zones, implying 
strong seasonality in the Linxia Basin during the Early Pleistocene (Fortelius, 1983). Co. 
nihowanensis was smaller and had a more cursorial limb structure than did the more derived 
species of Coelodonta (Deng, 2008). 

The 5'°C values of enamel from one Shansirhinus individual andgone Coelodonta 
individual indicate that both rhinos had pure C, diets that were similar to those of apparent 
grazing rhinos that lived during the Miocene in the Linxia Basin and were '°C-enriched 
compared to rhinos that are thought to have been forest-dwellers (Fig. 2). The enamel 人 NO 
values of Shansirhinus and Coelodonta are high, suggesting that these rhinos drank water 4n 
an open environment. The O isotope composition of Shansirhinus is slightly '*O-enriched 
compared to that of Coelodonta, which would be expected, as temperatures were cooler during 
the Early Pleistocene due to the Northern Hemisphere Glaciation. The C and O isotope data 
are very limited for rhinos during the Plio-Pleistocene, but overall, the data support that both 
Coelodonta and Shansirhinus were C, grazers that lived in an open steppe environment that 


became colder during the Plio-Pleistocene. 
7 Conclusions 


C and O isotope analysis of tooth enamel is a useful and important tool in the study of 
the paleoecologies of mammalian herbivores and can be utilized to test previous investigations 
of various taxa based on morphological or taxonomical studies. The bulk and serial C and O 
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isotope results for rhinocerotoids that lived in the Linxia Basin from 25 to 2.5 Ma supported 
most previous hypotheses that were formed from analyses of taxonomic and cranial and limb 
morphological characteristics and allowed new insight on some genera. 

The isotope data support that Paraceratherium at 25 Ma lived in a forested environment 
and spent a great amount of time wallowing in water or mud, which is consistent with the 
gigantic size of this rhino and that its dentition was apparently specialized for consuming tree 
leaves. It also supports that Allacerops, which coexisted with Paraceratherium at 25 Ma, lived 
in a relatively open habitat and had a less specialized diet. The data suggest that the Middle 
Miocene rhinos Alicornops and Hispanotherium had dissimilar diets and habitats, and were 
consistent with previous hypotheses that Hispanotherium was a grazer in an open steppe 
environment, whereas Alicornops was a more generalized feeder in a forested environment. 
The, isotope data are consistent with previous inferences that the Late Miocene rhino 
Parelasmotherium grazed and dwelled in an open steppe habitat, but were inconsistent with 
previous hypotheses that the rhinos Acerorhinus and Dicerorhinus inhabited closed forested 
environments. Rathefpthe results indicate that these two rhinos inhabited open-steppe regimes. 
The isotopic resultare not conclusive in regard to the habitat of Jranotherium, but support 
previous hypotheses of a ‘specialized C, grass diet for Jranotherium. The results also suggest 
that the rhino Chilotherium dwélled iMa forested environment throughout most of the Late 
Miocene, but inhabited a more open environment by the end of the Late Miocene, indicating 
that Chilotherium was able to adapt to a Changing environment. It was not possible to 
determine from the isotopic results whether Chilotherium was grazing or browsing within the 
forest. Finally, the results were consistent with previous/ hypotheses that the Plio-Pleistocene 
rhinos Shansirhinus and Coelodonta were grazers that lived in an/open habitat and support 
that the climate was cooling during much of the Plio-Pleistocene. Overall, dhe O isotope data 
imply a general drying and/or warming trend in the Linxia Basin from the Late Oligocene to 
Late Miocene. Furthermore, the C isotope data support that all rhinos in this study=were pufe 
C, feeders and indicate that C, grasses were not an important component of the plant biomass 
in the Linxia Basin prior to 2—3 Ma, consistent with other data from the area (Wang and Deng, 
2005; Biasatti et al., 2010). 
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Fie: 银 据 牙齿 釉质 的 全 样 和 系列 碳 、 和 氧 同位 素 分 析 ， 重 建 了 甘肃 临 契 倪 地 25~2.5Ma 
期 间 晨 华 的 食性 和 环境 。 其 结果 支持 先前 根据 牙齿 和 头骨 -上肢 骨 形 态 做 出 的 一 些 推 断 ， 
并 对 部 分 属 稳 地力 窟 提出 了 新 的 看 法 。 同 位 素 结 果 支 持 如 下 的 推断 ， 晚 渐 新 世 的 巨 犀 
Paraceratherium 汪 骄 挤 牺 林 环境 ， 而 与 其 共生 的 异 角 犀 4llacerops 栖 息 地 相对 开 阅 ， 食 性 特 
化 程度 低 ; 中 中 新 世 的 西班牙 万 地 spanotherium 在 开阔 领地 上 取 食 草本 植物 ， 而 同时 代 的 奇 
角 犀 4licornops 在 森林 环境 中 具 淖 更 等 化 的 食性 ; 晚 中 新 世 的 副 板 具 犀 Parelasmotherium 在 
开阔 的 稀 树 草原 上 取 食 草本 植物 。 与 完 前 认为 无 蜡 角 犀 4cerorhinus 和 和 额 鼻 角 屋 Dicerorhinus 
生活 于 森林 化 环境 的 推断 不 同 ， 数 据 指示 这 两 种 屏 牛 也 生活 于 开阔 的 稀 树 草原 环境 。 同 位 
素 结果 未 能 得 出 伊朗 犀 Jranotherium 的 确切 生活 环境 汉 胆 支持 先前 认为 它 特 化 为 C3 草本 植 
物 取 食 者 的 推断 。 研 究 结 果 也 显示 大 层 犀 Chilotherium 在 晚 绰 饰 上 渤 的 大 多 数 时 间 内 是 森林 生 
活 者 ,但 其 在 晚 中 新 世 末 期 占据 了 更 开阔 的 环境 。 此 外 ,分析 结果 情 乱 前 的 推断 一 致 ， 即 
上 新 世 的 山西 犀 Spanszzzizxs 和 更 新 世 的 披 毛 犀 Coelodoznte 是 开阔 后? 相 水 场 由 的 盒 草 者 。 最 
后 ， 碳 同位 素数 据 支 持 在 此 项 研究 中 的 所 有 犀牛 都 是 纯 C: 取 食 者 ， 确 认 C 箱 物 寞 是 临夏 贫 
地 从 25Ma 到 2.5Ma 期 间 植 被 的 重要 成 分 。 

关键 词 : 犀牛 ， 同 位 素 ， 古 生态 ， 晚 新 生 代 ， 临 夏 盆地 
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